ABSTRACT In the field of aero-engine control, it is valuable to build highly accurate component level models to meet the requirements of controller validation and model-based control. The accuracy of current performance map generation method is limited by the test data that always cannot cover the full envelope. The scaling-based performance map correction methods only focus on the adjustment of the steady-state performance. Therefore, a performance map segmentation-based joint steady-state and transient performance adaptation technique is proposed. Both the idle point and the design point are taken as precision references to scale the performance maps with large deviations. A scaling factor domain determination method is provided based on the characters of the speed lines. The performance map is first optimized with the steady state calculation based on the steady-state test data, and further optimized with the transient calculation based on the transient test data. Both the steady-state and transient performance adaptations are achieved by adjusting the performance maps. The proposed method was applied to a turbofan engine model. For continuous acceleration case, the average error is less than 1% at steady state points and less than 2% during transient operation. For large magnitude acceleration and rapid deceleration cases, the maximum errors for parameters around the idle point decrease by about one time (from 8.3% to 4.1%) and three and a half times (from 28% to 8%), respectively, by comparing with the model without transient performance adaptation. Thus, the effectiveness of the proposed method is demonstrated.
I. INTRODUCTION
Aero-engine mathematical models play important roles in the R&D stage, and they are used widely in performance simulation [1] , [2] , control and health management system design [3] - [6] and so on. Among many types of models, component level models (CLMs) are preferred because they are applicable to large envelopes and can calculate unmeasurable performance parameters [7] - [10] .
In terms of modelling, the model established always cannot be completely consistent with the real engine because of some hypotheses in modelling process, manufacturing deviation, and performance degradation and so on [2] , [11] - [12] . Thus, it is necessary to improve the accuracy of the CLM to enhance its credibility. In terms of control, CLMs are commonly used
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as simulation and testing platform to verify the control effect in the early stage of control system development, so a high accuracy model can improve the confidence of test results. Performance parameter estimations and optimizations for control strategy also require a high precision onboard model, such as performance seeking control and model predictive control [13] , [14] . In fact, the performance simulation is realized by solving the co-operating equations of components, and the solutions of the equations depend on each component's performance map, so it is a reasonable choice to modify the performance maps to improve the accuracy of the model.
Model performance adaptation techniques provide a way to modify, scale or directly generate component performance maps [15] , [16] . In generation method, flow rate, pressure ratio and efficiency of component characteristics are usually expressed in the form of functions with undetermined coefficients, and the coefficients are optimized by optimization algorithms, such as genetic algorithm (GA), in order to fit a finite group of component parameters that are obtained from the test data and achieve performance adaptation [17] - [22] . When the generation method is applied, the corresponding functions of the component characteristics can only be acquired accurately within the cover range of the test data, and the characteristics outsides the cover range of the test data can only be obtained by extrapolation. However, the function expression is always of high order and complex, which introduces many undetermined coefficients to control the shape of the maps, and the model has a strong nonlinearity. Thus, the coefficients are easy to be stuck in local optima in the optimization process when the number of test data is small, which reduces the accuracy of extrapolation markedly.
In contrast, the scaling methods that achieve performance adaptation by scaling the performance maps is more common. The main feature of this method is that the existing performance maps of the same type of engine are considered as the general performance maps, and the test data are matched by modifying or scaling the general performance maps to the maps for a specific engine. Concretely, one way of this method is to correct speed lines directly by adding a deviation to each point of speed lines and solving the deviations optimally [16] . Also, the design point and offdesign point performance adaptations are achieved by using a series of scaling factors that is optimized by using system identification [23] , GA, quantum particle swarm optimization (QPSO) or least square (LS) method to scale and shift the performance maps, even by using scaling functions that take corrected speed, beta value and other parameters as independent variables [12] , [24] - [29] .
However, the current studies of scaling methods only involve the performance adaptation of multiple discrete steady state points but ignore the adaptation of transient performance. Indeed, transient operating points that belong to acceleration or deceleration processes deviate from the steady state points on the performance maps under the same flight conditions and inputs, and even they converge to other steady state points finally. Therefore, the accuracy of transient process cannot be ensured to meet the requirements when only steady state points are adapted. Moreover, the engine state will fluctuate during the flight because the ambient condition does not remain constant and the inputs may be altered by the control system to resist disturbances. As a result, an adaptation method that balances the accuracy of steady state performance and transient performance is in demand.
Besides that, the performance adaptation problem is always transformed to an optimum problem, so the definition domains of scaling factors or of the coefficients of the functions that fit the scaling factors need to be given when optimization algorithms, such as GA, are introduced. However, usually the definition domains are set by trials and errors due to the lack of direct determination methods [24] , [26] - [27] . In [24] , LS method is implemented to select the definition domains of the coefficient of scaling factor functions, but it is necessary to adapt every off-design point individually before the LS method is used, which still does not avoid the problem that scaling factor ranges cannot be determined directly when off-design point performances are adapted. In addition, it is obvious that the more off-design points need to be matched, the more computation load required to attempt the ranges. Moreover, the definition domains may be determined easily by the heuristic methods when the general performance maps are very similar to the real performance maps. But when the deviation is big, the definition domains only can be accessed by experiences and repeat tries, which increases the computation load greatly and results in the fact that the definition domains may be unreasonable.
Therefore, a two precision reference points and segmentation strategy based steady state and transient performance adaptation technique is proposed in this paper. In this method, the accuracy of steady state and transient performance is guaranteed together by joint steady state and transient performance adaptation method. The problem of the big deviation between the general performance maps and the real maps is solved by introducing two precision reference points, and a simple and feasible method of domain selection is given based on the segmentation strategy. Besides that, the proposed method is applied to real test data, which further demonstrates the high credibility of proposed method. This paper is organized as follow. Section 2 describes the calculation method of the CLM briefly, and Section 3 introduces the proposed adaptation technique. The application case is given in Section 4 and the results are showed and discussed in Section 5. Section 6 concludes this paper.
II. AERO ENGINE COMPONENT LEVEL MODEL
The steady state calculation method and transient calculation method of aero-engine CLM are introduced first because the CLM are used to conduct the performance adaptation that is presented in this paper. Fig. 1 shows the typical layout of twin-spool turbofan engine, and this engine consists of fan, compressor, combustor, high-pressure turbine (HPT), lowpressure turbine (LPT), bypass duct, mixing chamber and nozzle.
Each component is modelled according to the aerothermodynamics principles, and co-operating equations, including flow continuity equations, pressure balance equations and power balance equations, are set up to describe the cooperation relationship among components [11] .
In steady state calculation, the steady state co-operating equation set includes flow continuity equation of HPT inlet e 1 , flow continuity equation of LPT inlet e 2 , static pressure balance equation between internal duct exit and the bypass duct exit e 3 , total pressure balance equation at nozzle throat e 4 , power balance equation of high-pressure shaft e 5 and power balance equation of low-pressure shaft e 6 . In addition, the relative rotor speed of low-pressure shaft n f , the relative rotor speed of high-pressure shaft n c , the coefficient of fan pressure ratio Z fan , the coefficient of compressor pressure ratio Z com , the HPT pressure ratio X ht and the LPT pressure ratio X lt are chosen as guesses for the six cooperating equations. Newton-Raphson (N-R) method shown in (1) is used to update guesses in order to make co-operating equations convergent.
where
T is the vector composed of six guesses, E = [e 1 e 2 e 3 e 4 e 5 e 6 ] T is the vector composed of the six errors, λ is the step size, and J is the Jacobian matrix of E to X. In transient calculation, the power balance equations are replaced by shaft dynamics equations while other four equations remain unchanged. Also, n f and n c are eliminated from the guesses, and N-R method is still selected to update the remaining guesses. Single-iteration algorithm, which modifies the guesses according to (1) once and then updates two rotor speeds according to shaft dynamics shown in (2) every simulation period, is used to complete transient calculation.
where W fan is the fan power, W lt is the power generated by LPT, η f is the mechanical efficiency of LP shaft, W com is the compressor power, W ex is the power consumed to drive accessories, W ht is the power generated by HPT, η c is the mechanical efficiency of HP shaft, J f and J c are moments of inertia of LP shaft and HP shaft, t is time.
Note that sensors are also modelled and included in the transient operation simulation. The sensor models are first order and second order transfer functions with different time constants according to sensor types and their locations. The procedure of the transient operation simulation is shown in Fig. 2 .
III. PERFORMANCE ADAPTATION METHOD
In this paper, performance adaptation improves the model accuracy by selecting optimal scaling factors to adjust the component performance maps, including fan performance map, compressor performance map, HPT performance map and LPT performance map. These maps are defined by relationships among the corrected flow, the pressure ratio and the efficiency. Thus, the performance adaptation can be expressed as an optimum problem shown in (3) .
where X is the scaling factor vector, O is the objective function, and it is the function to evaluate the difference between model outputs Y and test data Y * , F is the CLM, u is the inputs including altitude, Mach number and engine control variables. An improved performance adaptation method is developed due to the disadvantages mentioned in section 1. A scaling strategy based on two precision reference points is presented first, and it is used to scale the range of general performance maps approximately when there is a big deviation between the general performance maps and the real engine performance maps. Then, a segmentation strategy for performance maps is introduced to satisfy the adaptation demands in large range of corrected speed change, and a definition domain calculation method for scaling factors is given according to the features of the speed lines. Finally, a joint steady state and transient performance adaption strategy is presented to achieve the improvement of model accuracy.
A. TWO PRECISION REFERENCE POINTS BASED MAP SCALING
In a component performance map, the pressure ratio represents the ratio of exit pressure to inlet pressure. In contrast, the flow rate in the performance map is always expressed in the form of corrected flow. Total temperature and total pressure at each rotational component inlet are required to calculate the corrected flow. However, these parameters, such as HPT inlet temperature, may not be available and they depend highly on parameters of upstream flow, so it is uneasy to estimate the corrected flow on off-design points. It is more difficult to determine the range of corrected flow than that of pressure ratio, and it further results in a fact that it is easier to selecting scaling factors of pressure ratio than that of the corrected flow by considering the constraints. As a result, the ranges of corrected flow of performance maps should be corrected first when general performance maps deviate from real maps greatly. The operating range provided by the whole performance maps can be roughly determined once the range of corrected flow is estimated, which will benefit the following steady state and transient performance adaptation.
The design point usually represents the maximum operating state of an aero-engine, and it is located in the region of high corrected speed and big corrected flow in a performance map. In contrast, the idle point is at the minimum operating state, and it lies in the region of low corrected speed and small corrected flow. Therefore, a two precision reference points based scaling strategy is presented to correct the performance maps roughly. Firstly, the general performance maps are scaled to match its design point to the test data at design point, after that the maps are scaled again to match the idle point performance by choosing the design point as the scaling reference point.
For convenience, the fan performance map is taken as an example, and the design point performance adaptation is realized by using a set of scaling factors, as shown in (4), to modify the pressure ratio π fan , the corrected flow m fan and efficiency η fan of all the corrected speed lines together.
where x π , x m , x η denote the scaling factors used to adjust π fan , m fan and η fan respectively, the parameters with superscript * denote parameters of test data, the parameters without superscript * denote parameters of general maps, subscript d denotes design point, subscript new1 indicates that this set of scaling factors is obtained by design point adaptation.
It is worthwhile to mention that the scaling factors defined in (4) can be calculated directly if the parameters of the real design point are available. Otherwise, the scaling factor should be acquired by the design point performance adaptation with optimization. Similarly, sets of scaling factors of compressor, HPT and LPT performance maps can be defined as same as (4), and all the performance maps are scaled and shifted by these scaling factors. Thus, for example, new fan performance map can be calculated by (5) . (5) where subscript new0 denotes the general map without any modification. Note that every point in general map is adjusted with this set of scaling factors in this step.
After that, the idle point is selected as the precision reference point and the design point is selected to be the scaling reference point. Similarly, a set of scaling factors is used to scale a component performance map, and the scaling of the fan map with these scaling factors is shown in (6) as an example.
where subscript new2 indicates that the performance maps are obtained after idle point performance adaptation. Note that every point in the performance map new1 is adjusted while the design point of the performance map can be kept unchanged, and scaling factors of other components can be defined in the same way Fig. 3 shows the two step of scaling process described above, where dash line is the general performance map without any modification, the solid line is the performance map new1, the dash-dotted line is the performance map new2, DP * and Idle * are test data at the design point and idle point respectively. As shown by the DP point pointing to the DP * point, (5) is conducted to scale and shift the entire performance map according to the design point data, and this modification makes the demand for maximum corrected flow satisfied. Also, (6) can be illustrated by the Idle point pointing to the Idle * point, and the idle point performance adaptation is realized with the design point DP * as a scaling reference point. After these steps, the performance maps can cover the flow range of all the operating state at and above the idle point. Fig. 4 shows a typical performance map of a turbine component, and the variation of the corrected flow is not large for most operating points because the turbine operates at a critical state most of the time.
Thus, the performance maps of the compression components, and pressure ratio and efficiency of the HPT and LPT's performance maps can be adjusted in further scaling while the corrected flow of the HPT and LPT's performance maps can be kept unchanged.
B. SEGEMTATION STRATEGY FOR PERFORMANCE MAPS
The performance maps can cover the majority of operation region of aero-engine after adapting the design point and the idle point performance. However, it can be found that the model outputs are different from the test data at off-design points by using either steady state calculation or transient calculation. Thus, the performance maps should be further modified to meet the accuracy requirements. A segmentation strategy for performance maps is developed to make full use of existing steady state points and transient operation in test data.
Every steady state point extracted from the test data is considered as a precision reference point, and a set of scaling factors is used to scale the performance lines that are on the lower left of the corresponding steady state point. Besides that, more speed lines are interpolated between two adjacent lines to segment the zoom area if there are two or more steady state points between adjacent speed lines. For example, Fig. 5 and 6 show the segmentations of the fan performance map and the compressor performance map, where the solid lines are the existing speed lines, the dash lines are the speed lines obtained by interpolation. It can be seen that n 5 and n 6 are interpolated to segment the region from n 2 to n 3 , then steady state points A, B and C belong to independent zoom areas. Speed lines n 5 is moved and adjusted to minimize the errors in point A. Also, n 6 and n 3 are adjusted by considering point B and C as the precision reference points respectively.
It is worthwhile to mention that there may be a case shown as point D and E in the Fig. 5 and 6 . As the total temperature of each station is different, the order of the corrected speed of some points may be different in fan map and compressor map. It can be seen that the corrected speed of D is higher than that of E in the fan performance map, but the distribution of D and E is opposite in the compressor performance map. Consequently, it is difficult to decide to match which point first even if the interpolation of the speed line is applied, so these two points are viewed as the precision reference points together to be matched by adjusting the speed line n 4 . If the corrected speeds of the points are very close, these two points can also be adapted together.
Note that the speed measured in the test is physical rotor speed, and total temperatures of some stations, such as HPT inlet, are not collected in the test, so the corrected speeds of the rotational components cannot be calculated from the test data directly. The corrected speeds can only be estimated by the calculation of the CLM with the performance maps obtained from the last performance adaptation. As a result, the segmentation strategy including a loop process is shown in Fig. 7 . The performance maps are divided into blocks according to the estimated corrected speed, and the steady state point or a set of steady state points with highest corrected speed is selected as the precision reference point(s) and adapted by optimizing scaler factors. The optimal scaler factor is used to modify the performance map of all components. The corrected speeds of all the steady state points are calculated based on the new maps to validate the previous segmentation. If the segmentation is right, next steady state point or next set of steady state points are adapted until all the steady state points are matched, otherwise the segmentation should be adjusted.
The segmentation strategy is also considered in transient performance adaptation, and the corrected speed lines that are involved in a transient operation from one steady state point to the next steady state point are modified with the same set of scaling factors. Fig. 8 shows the trajectory of operating points in fan performance map during two acceleration process, indicated by dash line, and points A, B and C are three steady state points. Therefore, a set of scaling factors are used to scale the speed line n 3 and n 6 to match the model outputs to the test data from C to B, and another set of scaling factors are applied to adjust the speed line n 5 and n 2 to match the test data from B to A. Moreover, the area between line n 6 and line n 5 depends on the position of these two lines both, VOLUME 7, 2019 so the transient performance adaptations of C to B and B to A are conducted together in order to ensure the transient performance accuracy between line n 6 and line n 5 . Also, the validation of the segmentation is required to guarantee the reasonability of every block that is adjusted by a set of scaling factors. The flow chart of segmentation strategy for transient operation is shown in Fig. 9 .
C. DEFINITION DEOMAINS OF SCALING FACTORS
Every segmentation of performance maps need a set of scaling factors to modify the speed line. Unreasonable definition domains of the scaling factors will make it harder to find optimal solutions, even make the speed lines cross. As a result, a scaling factor definition domain calculation method is given in this subsection.
The fan performance map is still taken as an example, and new scaling factors are defined by (7) .
x m,fan,new3 = m fan,new3 m fan,new2 where η ref is a reference value, and it can be set artificially, subscript new3 denotes the new performance map achieved by optimizing scaling factors. An advantage of the scaling factors defined by (7) is that the definition domains of all the scaling factors can be set directly and easily according to the features of the speed lines.
The speed lines in the fan performance map cannot cross each other, so the horizontal movement of each speed line should be limited between the two adjacent speed lines. Thus, the corrected flow scaling factors (8) can be limited by
where i represents the i-th speed line, i-1 and i + 1 represent the adjacent smaller and greater speed lines. k represents the k-th point on a speed line, N denotes the number of points on a speed line. According to thermodynamics, the fan operates as a compression component and its pressure ratio has to be greater than one when it operates above the idle state. Thus, the minimum pressure ratio in every speed line cannot be less than one. Also, the shifting of the speed line along the vertical axis, namely the axis of pressure ratio, should be between the two adjacent speed lines because the fan's work capacity is weaker with low corrected speed than that with high corrected speed when the corrected flow is the same. Besides that, the maximum pressure ratios of every speed line should witness an increase trend as the corrected speed increases. Then, the definition domain of the pressure ratio is given as
The lower bound of the definition domain is the maximum value of the elements that are less than one in the set. The upper bound of the definition domain is defined similarly. The elements of lower bound set may greater than one in some special cases as shown in Fig. 10 . The pressure ratio of a point on n 1 line are larger than that of corresponding point on n 2 line that will makes the ratio greater than 1. According to (7), the speed line will be moved up along the horizontal axis if the scaling factor of pressure is greater than one. However, the aim of comparing n 2 line with n 1 line is to determine the range when the speed line is moved down, so the constraint of less than one is added before selecting a maximum. Similarly, the constraint of greater than one on the right side of (9) is due to the possible situation like n 2 line and n 3 line. The upper and lower bounds of scaling factors of efficiency for each speed line can be given directly because there is no non-crossing limits for efficiency lines that represent efficiency-corrected flow relationship. Thus, the ranges of the scaling factors can be set by requiring that the maximum of the efficiency is smaller than an upper bound η ub and the minimum is larger than a lower bound η lb according to design condition, so (10) is given.
where min{η i,k } is the minimum efficiency of a performance map, min{η i } and max{η i } are the minimum and maximum efficiency of i-th speed line.
Equation (10) can balance the definition domains around one, which benefits the search of optimal scaling factors, and it also can achieve the larger changes of high efficiency points than that of low efficiency points, which leads to a more flexible change of an efficiency line.
D. JOINT STEADY STATE AND TRANSIENT PERFORMANCE ADAPTATION
The model only modified by steady state performance adaptation may not satisfy the accuracy requirement of transient calculation, so transient performance adaptation has to be carried out. However, if the big deviations between the general maps and the real maps are not handled by steady state performance adaptation first, the large errors may exist at every transient operating point during the transient calculation. As a result, these errors and a large number of transient data will increase the difficulty of transient performance optimization, so a joint steady state and transient performance adaptation strategy is introduced in this section, and its procedure is as follow.
Step 1: Give the general performance maps and test data.
Step 2.: Conduct two precision reference points based scaling strategy.
Step 3: Select every steady state operating point as precision reference point and conduct segmentation strategy based steady state performance adaptation. Step 4: Select certain number of transient operating points as precision reference points and conduct segmentation strategy based transient performance adaptation.
Step 5: End. After
Step 3, these adapted maps can guarantee the calculation accuracy of steady state points but transient performance is still needed to be finely tuned. Thus, Step 4 is conducted to improve the accuracy of transient performance.
The aim of the performance adaptation is to match the model outputs with the test data on selected operating points, so the objective function O can be given as follow.
where m is the number of selected precision operating points in current optimization segment of performance map. n is the number of sensor measurements of one point, a q is the weight and it is selected according to the importance of each parameter, y p,q is the q-th parameter of p-th selected point that calculated by the model, y * p, q is the corresponding test data.
IV. TEST CASE
The proposed performance adaptation method was implemented to improve the model accuracy of a twin-spool turbofan engine as shown in Fig. 1 , and fan performance map, compressor performance map, HPT performance map and LPT performance map were scaled in this test case. The general performance maps were gotten from the same type engine of different power level, which means there was a big deviation between the general maps and the real maps. Besides that, temperature dynamics effect was considered during the performance adaptation process. The performance map scaling factors to be optimized are listed in Table 1 , and note that the x m,ht and x m,lt are only used in performance adaptation of the design and the idle point. The subscript fan indicates the fan component, com indicates the compressor, ht indicates the HPT and lt indicates the LPT.
The test data was measured at 1km altitude and zero Mach number. The test data include three different transient operation cases: a) large magnitude acceleration from the idle state, b) continuous small magnitude acceleration, and c) rapid deceleration to the idle state. Fig. 11 and Fig. 12 show the changes of main fuel flow during the acceleration and deceleration processes. Fig. 11 denotes two cases: a) large magnitude acceleration from the idle state (main fuel flow increases from 10% to about 50%), b) continuous small acceleration (main fuel flow increases from about 50% to 100%). Fig. 12 denotes c) rapid deceleration to the idle state (main fuel flow decreases from about 50% to about 10%).
Seven sensor parameters are recorded and listed in Table 2 . m fb and A 8 are the input data and the others are output data. Note that rotor speed is relative speed to the maximum rotor speed, and other parameters are relative variables to corresponding design point parameters.
Eight steady state points indicated by n f and n c are extracted from the test data and listed in Table 3 , and these steady state points are average values of test data during steady state process, which suppresses the measurement noises and disturbances. In Table 3 , Idle indicates that the point is the idle operating point, and Design indicates that the data are from the design point. Also, OD means off-design steady state point.
These eight steady state points are used as precision reference points for the steady state performance adaptation with steady state calculation method. After that, these points are used as the segmentation points in transient performance adaptation, and the performance maps obtained from steady state performance adaptation are utilized to realize the final steady state and transient performance adaptation with transient calculation method.
The differential evolution (DE) algorithm is used to optimize the objective function defined in (11) . By comparing with genetic algorithm (GA), DE is more effective in solving real-valued optimization problems and has stronger global convergence ability, and it also is easier in coding. The parameters need to be set include iteration number of optimization G, population size P, the dimension of solution D, crossover factor C R and scaling factor F in optimization process. The dimension D is determined by the number of scaling factors adopted in performance map optimization, and other parameter settings are listed in Table 4 . Besides that, different weights for different measures are also listed in Table 4 , and the DE parameters and weights are set according to the experience and test results.
In addition, it is worthwhile to mention that the value of objective function of a solution is set to a large number if this solution cannot make the model convergent under certain inputs in steady state performance adaptation. Then, these unsuitable solutions will be eliminated automatically from the optimization process, which can guarantee the capability of convergence of the model after performance adaptation.
In the process of transient performance adaptation, the number of operating points in the test data is large. If all the data are used in optimization, it may be difficult to carry out the evaluation. Thus, one fiftieth operating points are selected evenly to be precision reference points during these acceleration and deceleration processes whereas 2-3 points are selected during a steady state operation. All the test data are used to evaluate the model accuracy.
V. RESULTS AND DISCUSSION
The relative error is calculated by (12) in order to measure the accuracy of different operating points.
where y is a thermal parameter of the model output, y * is the same thermal parameter of test data. Table 5 shows relative errors of the steady state points listed in Table 3 . Case Original model is the model that uses general performance maps and steady state calculation method. Model 1 with SSC and Model 1 with TC use the same performance maps obtained by steady state performance adaptation but steady state calculation method and transient calculation method respectively. Model 2 is the model that uses transient calculation method and the performance maps acquired by transient performance adaptation. Note that inputs and outputs fluctuate slightly due to the systematic errors and measurement noises even if the engine is in steady state, so the relative errors of a steady point obtained from transient calculation of Model 1 with TC and Model 2 are the average errors during a period of steady state process. Table 5 demonstrates that the accuracies of these steady state points are improved significantly after steady state performance adaptation with steady state calculation, and the maximum error of Model 1 with SSC is only 5.5057% while that of original model reaches 14.0172%. In terms of the average accuracy, the maximum average error of these steady state points of Model 1 with SSC is only 3.1141%, which is even much smaller than minimum average error of original model (5.4629%). Compared with average errors of steady state points of original model, the errors of Model 1 with SSC decrease by about 1.8 times to 47 times, which indicates that the accuracy of the model has been improved. It is worthwhile to mention that the model with original performance maps cannot simulate two steady state points, namely point 3 and point 4. However, the average errors of these two points lower to 0.2860% and 0.2083% respectively, so the capability of proposed method to adapting performance under the condition of large deviations between the original performance maps and the required performance maps is validated.
It can be found that the accuracies of steady state points calculated by Model 1 with SSC and that of Model 1 with TC are different, which suggests that the steady state errors got by steady state performance adaptation cannot be fully adaptation. Concretely, the errors of many operating points, except operating points of the large magnitude acceleration case, can be less than or equal to 1% in steady state and within 2% in transient state. In addition, Fig. 14 to  15 show that the errors of n c and P s3 decrease significantly. In Fig. 14(b) , the errors of n c are maintained within 1% in the first 100 seconds expect the beginning part although they increase slightly during this period by comparing with the errors in Fig. 14(a) . However, the accuracies of the transient state and the steady state are improved obviously since 150 seconds, and the maximum decrease of the errors is about 1.9%. Besides that, the errors of P s3 witness a decrease trend during the period from 150 seconds to 220 seconds and they also decrease significantly since 350 seconds and before 100 seconds. The reduction of the errors of P s3 can reach up to 1.9%, and the errors of all the operating points, expect the idle point and the operating points near the idle point, can be within 1%. In addition, Fig. 16 to 17 show the errors of P 5 and T 5 decrease during some periods.
Note that Fig. 13 to 17 and Table 5 show that the errors of the idle point and its nearby operating points are larger than other operating points. This is because the idle point (point 1) is farthest from the design point, and there is a big difference between the idle point (point 1) and point 2 that is the nearest steady state point of point 1 listed in Table 3 , which makes it difficult to match the test data around the idle point. Moreover, it should be mentioned that there is a large magnitude acceleration process from the idle point, so the outputs of the model that is only adapted by steady state performance adaptation with steady state calculation are not accurate enough. For example, as shown in Fig. 13(a) and Fig. 15(a) , the errors of n f and P s3 can reach up to 7.5% and 8.3% respectively, and even the errors of P 5 and T 5 exceed 10%, of about 11% and 18% as shown in Fig. 16(a) and Fig. 17(a) . In contrast, the errors decrease crucially after the model is adapted by transient performance adaptation, and the maximum errors of these four parameters drop to 5.1%, 4.1%, 7% and 10.6% respectively, of which the maximum amplitude of the reductions of the errors reach up to 50%.
The improvement of transient performance for rapid deceleration operation is also achieved after transient performance adaptation. Fig. 18 to Fig. 22 show the relative errors between model outputs and test data. Fig. 18 and Fig. 19 show that errors of two shaft rotor speeds can remain about 5% during the transient operation and about 2% in steady state. Fig. 20 and Fig. 21 show that the accuracies of P s3 and P 5 are further finely tuned, decreasing by 1% and 3% respectively, and their steady state errors can also be less than 2%. In contrast, as shown in Fig. 22 , the accuracy of temperature at LPT exit T 5 witness a significant increase. The maximum error of the Model 1 with TC reaches about 28%, but the maximum error decreases by about 20% after transient performance adaptation. This result also suggests that it is not enough to conduct only steady state performance adaptation, because some thermodynamic laws, such as temperature dynamics considered in this paper, can only play an important role in transient simulation but make no sense in a steady state calculation. Thus, it indicates a transient performance adaptation is necessary complement to steady state performance adaptation.
In order to further clarify the effectiveness of proposed method, step simulations were conducted to show the capability of convergence of the model obtained by proposed method. The step conditions are shown in Table 6 .
The model was initialized at the idle state (Number 0 in Table 6 ). After that, the altitude H , Mach number Ma, main fuel flow m fb and area of nozzle throat A 8 were stepped to the values of the next condition in turn.
The responses of two rotor speeds during this transient operation and the residuals of four co-operating equations, including e 1 , e 2 , e 3 and e 4 , are given in Fig. 23 and Fig. 24 respectively.
It can be seen that LP and HP shaft rotor speeds can reach steady state after the steps, and the residuals of four co-operating equations can converge to zero under different simulation conditions. It means that the model obtained by proposed method can maintain a capability of convergence in the presence of large co-operating equation residuals.
These results demonstrates that the proposed method that combines steady state performance adaptation and transient performance adaptation can reduce the errors of the model outputs, and also can maintain the convergence property of the obtained model, which indicates the effectiveness of the proposed method.
VI. CONCLUSIONS
The two precision reference points based scaling strategy are introduced to realize the correction of performance maps with large deviations, and the definition domains of the scaling factors are given to determine a reasonable range. The combination of steady state calculation method and transient calculation method based on performance map segmentation is implemented to match the steady state and transient outputs of the model with the test data.
The proposed method is applied to the performance adaptation of a typical twin-spool turbofan engine in three different operation cases, including a large magnitude acceleration, a continuous acceleration and a rapid deceleration. For the continuous acceleration case, the average error of each steady state point is about 1% and many of the errors during the transient operation are less than 2%. For the large magnitude acceleration case, the maximum increase amplitude of accuracy of the idle points' parameters can reach up to 50%. For deceleration case, the errors also reduce significantly, especially the error of temperature of LPT exit decreases significantly, from 28% (after steady state performance adaptation) to 8% (after transient performance adaptation), which indicates the transient performance adaptation is necessary for simulating a transient operation. Besides that, the model obtained by proposed joint performance adaptation maintains a great convergence property under a series of step simulations. Thus, the effectiveness of proposed method is demonstrated.
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